Sophisticated imaging methods, such as computed tomography, magnetic resonance imaging and positron emission tomography, play an increasingly important role in the management of head and neck cancer. Pretreatment imaging findings have predictive value for patient outcome, independently from the currently used TNM classification, and may be used to tailor treatment to the individual patient. Based on per-treatment imaging, individualised replanning during radiotherapy may ameliorate tumour control rates and reduce toxic effects to normal tissues. Early posttreatment imaging studies contain important prognostic information, and allow selection of patients for further treatment or watchful waiting.
Introduction
The TNM system, reflecting tumour extension, provides prognostic information in head and neck cancer patients. Computed tomography (CT) and magnetic resonance imaging (MRI) assist in pre-treatment planning by better defining the extent of the primary tumour and by detecting subclinical adenopathies. According to this staging system, patients are stratified towards surgery, radiotherapy, a combination of surgery and radiotherapy, or chemoradiotherapy.
Even in advanced head and neck cancers, modern concomitant chemoradiotherapy can achieve relatively high locoregional control and survival rates [1] .
Concerns have been expressed about the weakness of the TNM classification for several head and neck cancer sites, as the cure rates reported in the literature vary and prognosis is not sufficiently related to the TNM values [2, 3] . A quantitative analysis of imaging findings, with tumour volume calculation from imaging studies, offers additional predictive information.
Intensity modulated radiotherapy (IMRT) was recently introduced into the clinic. In IMRT, multiple beams characterised by variable, non-uniform radiation intensity, are applied. This technique offers the opportunity of dose escalation to the tumour without increasing the dose to other organs at risk. These more sophisticated treatment techniques create higher demands on diagnostic imaging, requiring very accurate delineation of the gross tumour volume to avoid geographic miss. As intentional dose inhomogeneity within the target, or so-called dose painting is feasible, biological information on tumour subvolumes can allow selective dose escalation to more radioresistant tumour areas. Such an approach requires non-invasive identification of these tumour areas. Multimodality imaging can provide biological tumour information, such as on tumour hypoxia, cell proliferation, apoptosis, angiogenesis and receptor status of tumours [4] . This has led to the introduction of the biological tumour volume concept [5] , integrating physical and biological conformality.
Predicting the outcome is therefore not only dependent on tumour stage determined according to the classic TNM criteria, but relies increasingly on imaging-derived objective tumour data. Also other factors, such as general patient status and comorbidity, should be taken into account.
Pretreatment imaging

Primary tumour extent
Correct delineation of the primary tumour and the involved neck lymph nodes is necessary to perform curative radiotherapy in head and neck cancer. The most peripheral borders of the neoplasm must be determined as accurately as possible. Improvement of target definition is one of the most critical steps to improve outcome after radiotherapy [6] . Conformal radiotherapy and IMRT use steep dose gradients; suboptimal delineation of the tumour volumes and normal tissues at risk (such as the spinal cord and parotid glands) may lead to underdosage of the tumour and/or overdosage of the normal tissues, potentially decreasing control probability and increasing the likelihood of treatment complications [7] .
Laryngeal and pharyngeal neoplasms can be accurately imaged either by CT or MRI. Overall, there is no evidence for superiority of one modality over the other [8] [9] [10] [11] . However, in nasopharyngeal cancer, the tumour extent is better defined by MRI [12] [13] [14] . It has been shown that the choice of the imaging modality influences the outcome of the patient with nasopharyngeal cancer: significantly better treatment results in terms of local control, diseasespecific survival and overall survival are obtained with the use of MRI; the respective hazard ratios for CT versus MRI are 1.96, 1.48 and 1.85 [15] . The better treatment outcome is related to a better definition of tumour extent in this disease by using MRI.
During recent years, positron emission tomography (PET) imaging is increasingly used in the initial neck cancer staging process, complementary to CT and/or MRI. Recently, a study was published in which CT, MR and PET was obtained with the patient in the same position, and registration was performed between the different images and with the total laryngectomy specimen in nine patients. All three imaging modalities significantly overestimated the tumour volume. There was mismatch between each of the imaging modalities, as well as between the surgical specimen and the imaging modalities. All imaging techniques failed to show a fraction of the macroscopic tumour extent, and did not show superficial mucosal tumour extent. In this study, from all techniques, PET was the closest to the surgical reference volume [16] . However, as none of the imaging techniques displays superficial or microscopic tumour extent, a security margin has to be added to the gross tumour volume (GTV). Nevertheless, a significantly smaller GTV, clinical (CTV) and planning target volume (PTV) was determined based on pretreatment fluorodeoxyglucose (FDG)-PET, using an automatic segmentation algorithm based on signal-tobackground ratio, compared to CT [7] .
It should be noted that the definition of GTV on PET images is not a trivial issue; using particular numerical values of FDG intensity levels is arbitrary, and may not be very well reproducible, as signal intensity varies from scanner to scanner and even from patient to patient [17, 18] . Using the combined information from a dedicated head and neck PET-CT study likely provides more accurate information on the true tumour extent [19] .
Neck adenopathy
In head and neck cancer, the identification of lymphatic tumour spread is crucial, as lymphatic metastasis is the most important mechanism of tumour spread. The presence of neck adenopathies largely determines the likelihood of locoregional control and the risk for distant metastasis.
Clinical evaluation of neck lymph nodes is not very precise. None of the currently available imaging methods, including FDG-PET, can reliably depict small tumour deposits within non-enlarged lymph nodes, nor differentiate reactively enlarged lymph nodes from metastatic lymphadenopathy. Because of this shortcoming, in many patients the neck lymph nodes are treated electively. Currently, ultrasound-guided fine needle aspiration cytology is the most accurate method to evaluate the neck lymph nodes [20] . However, the results obtained with this method are operator-dependent; furthermore, apart from being an invasive technique, it does not offer precise spatial localisation of metastatic neck disease.
Improvement in the diagnostic capabilities of noninvasive cross-sectional imaging would allow elective treatment of the N0 neck to be avoided, and to confine radiation target volumes to the neck regions containing metastatic adenopathies. It would also offer more reliable surveillance imaging, with earlier detection of tumour recurrence. A few studies have addressed the value of a specific contrast agent (ultrasmall superparamagnetic iron oxide, USPIO) in MRI to detect metastatic neck adenopathies. From a theoretical point of view, this contrast agent should lead to more reliable results than with gadolinium-enhanced MRI; although promising, the reported results for neck adenopathies are somewhat variable [21] [22] [23] . Further improvement of MRI technology may lead to better results with this contrast agent [21] .
One study reports on the use of diffusion-weighted MRI in detecting metastatic adenopathies in the neck [24] . This is a new application of diffusion-weighted MRI that may have great potential (see also below) (Fig. 1 ).
In patients with positive neck nodes, imaging of extranodal tumour spread and/or involvement of critical structures, such as the carotid arteries, has prognostic and therapeutic relevance. In a multivariate analysis, extranodal spread, as visible on MRI, was shown to be the only independent predictor of distant metastasis [25] .
Quantifying tumour volume
Success in controlling a tumour by radiotherapy depends on killing all clonogenic cells in the gross tumour volume. This lesion was also classified as a T3 tumour. Tumour volume was 6.1 ml. Local failure occurred 6 months after the end of radiotherapy.
Several studies have confirmed the prognostic value of CT-determined tumour volume for outcome after definitive radiation therapy in head and neck cancer, including glottic, supraglottic, hypopharyngeal and nasopharyngeal cancer [26] [27] [28] [29] [30] [31] . Such quantitative information is helpful in the treatment decision process; high risk patients can be identified and followed more closely (Fig. 2) .
However, recent studies on oropharyngeal cancer did not reveal an important impact of primary tumour volume on the likelihood of local control after radiotherapy [32, 33] . It is not clear why the relation between oropharyngeal tumour volume and local outcome is less pronounced than in other head and neck sites, but this finding reflects the existence of other factors influencing the tumour response to irradiation.
Biological tumour volume
Besides tumour volume, there are other factors determining the resistance against radiation and chemotherapy, for example a genetically determined inherent resistance, and physiological factors. The presence of inadequate and heterogeneous vascular networks, resulting in tumour hypoxia, is critical. In some human tumours, especially in head and neck cancer [34] , treatment may fail due to the presence of hypoxia. Therefore, tumour hypoxia needs to be identified and quantified, not only as a predictor of outcome, but also to select patients for concomitant therapy to overcome the hypoxia effect. Currently, the evaluation of tumour oxygenation requires application of invasive methods, such as biopsy-based immunohistochemistry, or the use of oxygen-sensitive electrodes.
A clear need exists for non-invasive methods to investigate the tumour micro-environment, including oxygenation. With both CT and MRI, additional, biological information can be acquired [35, 36] . One approach is to apply dynamic contrast-enhanced (DCE) imaging techniques; such methodology allows a combined estimation of tissue perfusion, blood volume and permeability of 
vessels.
A relationship between DCE-MRI parameters and tumour oxygenation has been shown, e.g. in uterine cervical carcinoma, using polarographic needle electrodes as reference. In a series of 105 patients with advanced head and neck cancer, tumour perfusion, as measured by DCE-CT, was the strongest independent predictor of local outcome after radiotherapy [35] .
Several other approaches to measuring tumour oxygenation are available with MRI. One possibility is to use blood as an intrinsic contrast agent. The blood oxygenation level-dependent (BOLD) contrast depends on the endogenous switch from paramagnetic deoxyhaemoglobin to diamagnetic oxyhaemoglobin, a conversion translated in changes of MR signals [37] . A disadvantage of this method is its high susceptibility to artefacts, making it difficult to apply in the investigation of head and neck cancer.
Diffusion-weighted MRI (DW-MRI) allows noninvasive evaluation of the Brownian movement of water molecules; this movement can be quantified by calculating the apparent diffusion coefficient (ADC). DW-MRI provides information about microscopic structures such as cell density, cell integrity and vascularity [38] , and is applicable in the head and neck region. This technique is very sensitive to structural changes in pathologic tissue, even during their very early stages of development. It has been shown that viable tumour can be differentiated from necrotic tumour with DW-MRI in the larynx [39] . As it is a completely non-invasive technique, not requiring an external contrast agent, DW-MRI potentially has important advantages for evaluating biological properties of tumoural masses.
In PET-imaging, FDG is the most frequently used tracer; its uptake reflects the metabolic active tumour volume. Apart from FDG, other tracers can be employed, providing more specific information about other elements of tumoral metabolism. For example, [ 18 F]misonidazole (F-MISO) is reduced in hypoxic conditions and its metabolite binds to intracellular molecules (Fig. 3) . Registration of F-MISO-PET with FDG-PET images reflects the hypoxic tumour fraction. Another PET tracer employed to detect hypoxic tumour regions in head and neck cancer is Cu-diacetyl-bis(N4-methylthiosemicarbazone (Cu-ATSM) [40] . Registration of such PET images, showing the hypoxic regions but lacking spatial resolution, with CT images, allows hypoxia imaging-guided IMRT. Selective dose escalation to the hypoxic, more radioresistant tumour subvolumes, while sparing the normal tissues, is feasible with IMRT. Theoretically, use of such imaging-derived biological information should improve the treatment outcome after IMRT. Recently, a randomised trial was reported, in which patients showing tumour hypoxia on F-MISO-PET had a worse locoregional control rate after chemoradiation than those without tumour hypoxia; also, a better locoregional outcome was obtained in patients showing tumour hypoxia on F-MISO-PET, in whom chemoradiotherapy was associated with tirapazamine, a cytotoxin selectively targeting hypoxic cells [41] .
Imaging during (chemo)radiotherapy
Measurable anatomic changes occur during the course of radiotherapy for head and neck cancers, mainly during the second half of the treatment. Such volumetric and geometric changes can have a potential dosimetric impact when conformal treatment techniques are applied. Replanning of treatment by deforming the intensity distributions of each beam based on deformations of anatomy, as observed in daily CT studies during therapy, has been reported; this led to significant differences compared to the intended dose distributions [42] .
Compared to pre-treatment CT, the per-treatment tumour volume appeared significantly smaller on MRI than on CT. Per-treatment automatic segmentation of tumour volume on FDG-FET is not possible due to tremendous increase in background signal by radiationinduced inflammation [7] . Figure 4 Axial CT images in a patient with supraglottic cancer. (A) Pretreatment image. Enhanced soft tissue mass, arising from the right lateral border of the epiglottis, infiltrating the paraglottic fat (arrow); on lower sections, also infiltration of the preepiglottic space was seen. Small metastatic lymph node (arrowhead). The tumour was staged as T3N1. (B) Four months after the end of radiotherapy, a baseline follow-up CT study was performed. Clinically, the patient was doing well. The asymmetrical and slightly enhancing tissue infiltration in the tumour bed (arrows) is doubtful. Follow-up CT was recommended. (C) Eight months after the end of radiotherapy. The patient was now experiencing some pain and swallowing difficulties, but clinical examination did not reveal abnormal findings. On CT, the soft tissue infiltration in the supraglottis (arrows) is progressive compared to the baseline study, very suspicious for tumour recurrence. At direct laryngoscopy, an intact mucosa was found, and biopsy was negative. Because of the very worrisome findings on CT, direct laryngoscopy was repeated and deep (submucosal) tissue was sampled; histopathologic examination of this tissue confirmed the presence of cancer. Subsequently, total laryngectomy was performed.
S150 Focus on: Treatment planning
Non-invasive tumour response evaluation during (chemo)irradiation opens news possibilities for treatment tailoring, not only by adapting the target volume, but also by dose escalation to non-responding tumour subvolumes, or by adding concomitant treatment such as carbogen breathing, bioreductive drugs or radiosensitising drugs.
Posttreatment imaging
Early tumour recurrence may be difficult to distinguish from tissue changes induced by therapy. Therefore, it is recommended to obtain a follow-up CT or MR study after surgical, radiation or combined treatment for a head and neck neoplasm with high-risk profile [43, 44] .
Probably the best time to obtain such a baseline study is about 2-4 months after the end of treatment. Such a baseline study allows treatment-caused changes in the head and neck tissues to be documented. By comparing subsequent studies with the baseline study, it becomes possible to predict and detect tumour recurrences with more confidence and this at an earlier stage than is possible with clinical follow-up alone (Fig. 4) . In most patients, CT is an adequate imaging modality for pre-and posttreatment imaging; MRI is preferred in patients with nasopharyngeal, sinonasal and skull base tumours.
The baseline study itself carries important predictive information regarding the eventual local outcome: CT achieves a sensitivity of 83%, and a specificity of 95% in the early differentiation of treatment responders from non-responders in irradiated laryngeal and hypopharyngeal cancer [44] . In advanced head and neck cancer, treated by chemoradiation, MRI performed 6-8 weeks after the end of treatment was able to predict residual/recurrent disease at the primary site with a sensitivity of 48% and a specificity of 85% [45] . In this same study, it was shown that a clinical examination of the head and neck under general anaesthesia, at the same time points, had limited value, as most local recurrences remained undetected. These authors recommended performing such an examination only in patients with suspicious findings on early follow-up MRI [45] . In patients with nodal disease, the role of planned neck dissection after (chemo)radiotherapy is not well defined [46] . Such a planned neck dissection may reduce the regional failure rate and improve survival. However, many of these neck resection specimens do not contain tumor, meaning that the patient was exposed to the inherent risks of surgery, with no benefit. CT of the neck, obtained early after the end of (chemo)radiotherapy, was shown to be a reliable method to predict the absence of residual nodal disease (Fig. 5) . Absence of lymph nodes larger than 1.5 cm, and lack of any focal nodal abnormality had a negative predictive value of 94%, while the clinical evaluation had a negative predictive value of 77% [47] ; in this particular study, the CT study was performed at a median of 1 month after the end of (chemo)radiotherapy.
Some authors recommend FDG-PET for detecting residual nodal disease. However, FDG-PET obtained early after the end of therapy appears to be unreliable. In a prospective study on 12 patients, treated by radiotherapy alone, a negative predictive value of 14% was obtained when PET was done 1 month after treatment [48] . This high level of false-negative findings may be related to temporary changes in tumour glucose metabolism, induced by therapy [49] . More reliable results are obtained when FDG-PET is performed 3-4 months after the end of treatment, resulting in a negative predictive value of 97-100% [50, 51] . Although there is discussion about the optimal timing of planned neck dissection after (chemo)radiation, usually this is recommended to take place 4-8 weeks after the end of treatment.
Conclusion
Sophisticated imaging methods play an increasingly important role in the management of head and neck cancer. Pretreatment imaging findings have predictive value for patient outcome, independently from the currently used TNM classification, and may be used to tailor treatment plans. Based on per-treatment imaging, individualised replanning during radiotherapy may ameliorate tumour control rates and reduce toxic effects to normal tissues. Early posttreatment imaging also carries important prognostic information, allowing selection of patients for further treatment or watchful waiting.
